The standard model procedure employed for the determination of asteroid photometric properties from single-wavelength infrared flux-density measurements has long been suggested for use with single-wavelength microwave flux-density measurements. Microwave observers, however, have usually assumed that the radio continuum spectra of the asteroids should closely follow a rapidly rotating blackbody curve. Recent observations of the microwave continuum spectrum of asteroids show that the cm-wavelength emissivity is nearly 25% lower than both the mm-wavelength and infrared emissivity (which is nearly identical to the blackbody value) and constant between 2 and 20 cm. Clearly, cm-wavelength flux-density measurements are not consistent with the infrared-based albedo data used in past analyses of the centimeter fluxes. In the mm-wavelength range the apparent emissivity properties of the surface are close to what is observed in the infrared. Thus, mm-wavelength measurements give photometric properties which closely resemble those derived from the infrared. It is therefore necessary to make some major modifications to the conventional physical parameters used in treating single-wavelength observations (even over an extended range of phase angles) when the observing wavelength is longer than about 1 cm. The major modification required is the adoption of an emissivity of 0.8 for wavelengths longer than 1 cm. These effects are evident in the apparent emissivities determined from recently published observations of Ceres and Vesta.
Introduction
The determination of asteroidal surface properties from infrared thermal emission measurements has been employed by infrared observers with great success. As Lebofsky et al. (1986) have shown, for example, the principal limitation on the ability to infer diameters from the flux-density measurements has been the level of realism in the physics employed in the so-called "standard model" used to derive the infrared emission corresponding to a given diameter. With proper attention to the appropriate magnitude conventions and to the scattering and emission of the radiation, Lebofsky et al. (1986) found that the occultation diameters of Ceres and Pallas can be reproduced to within 6 or 7 km.
It is natural to ask whether microwave observers could determine apparent photometric properties of the asteroidal surface and subsurface material with a similar accuracy. With the advent of the Very Large Array (VLA) of the National Radio Astronomy Observatory, it was anticipated that observations at a wavelength of 2 cm would resolve the disks of the largest asteroids and that, due to the large collecting area and the ability to track a source as it moved across the sky, the flux densities of much smaller asteroids could be measured with high signal-to-noise ratio. Indeed, observations reported by Lowman (1984, 1987) have shown that high signal-to-noise measurements can be made for asteroids as small as 220 km. For example, the collecting area of the VLA is sufficient to yield a signal-to-noise ratio of 11.5 for an integration time of 6 hours on Eunomia (diameter 246 km, geocentric distance 2 AU). This paper will confirm that observations in more than one wavelength region are much to be preferred for the determination of radiometric properties, especially the physical properties of the surface, from microwave flux densities. If one is forced, by signal strength for example, to use observations at only one wavelength, one must adopt different average surface characteristics in the cm-wavelength region from the assumed characteristics in the infrared and short millimeter wavelength regions.
Discussion
In a recent paper has shown that the proper treatment of the wavelength dependence of the dielectric properties of finely divided material makes a major impact on the calculated microwave brightness temperatures of simple model asteroids. If one adopts the wavelength dependence of loss tangent used by Keihm (1984) for lunar dust, the calculated brightness temperatures in the millimeter wavelength range are nearly the same as in the infrared. However, in the centimeter wavelength range the calculated brightness temperatures are substantially lower. This effect is due primarily to the much larger radio penetration depth at centimeter wavelengths and the deviations of the somewhat more realistic thermal model from the rapidly rotating blackbody case (see for a more complete discussion).
Observers analyzing cm-wavelength observations have often been unable to obtain shorter wavelength observations and have attempted to determine surface properties from either single cm-wavelength measurements or measurements made over a narrow span of wavelengths (say 6-to 2-cm wavelength). Lebofsky et al. (1985) have recommended that the photometric properties should be calculated from both infrared and radio observations simultaneously in order to avoid application of an infrared emissivity in a region of the spectrum where the emissivity might be drastically different.
In Figure 1 we show an example of a model spectrum which illustrates these considerations. The details of the calculation are given in . It was calculated for a phase anglq of 0° and a geocentric distance of 2.767 AU. The other physical properties used in the calculation are listed in Table 1 . One important characteristic of models calculated with a strong wavelength dependence of the loss tangent is the strong variation of short mmwavelength brightness temperatures with phase and the total lack of any phase variation for cm-wavelength brightness temperatures. For this particular model, a 20° change in phase at 1.32-mm wavelength makes nearly a 20 K change in brightness temperature, while the same change in phase at 6-cm wavelength makes a change of less than 0.5 K.
If we calculate the apparent emissivities for the model spectrum of Figure 1 , we find 0.99 for 1.3-m and 3.3-mm wavelength and 0.78 for 2-cm and 6-cm wavelength. In order to correctly analyze the centimeter-wavelength data by itself, it would be necessary to adopt a cm-wavelength emissivity nearly 25% less than the mm-wavelength value.
These model results show that we are thus left with two choices. First, we can abandon the determination of radiometric properties from single cm-wavelength brightness temperatures alone and insist that infrared or mm- Fig. 1 -Model microwave continuum spectrum of asteroid Ceres. This model asumes a two-layer physical structure and is calculated using the parameters given in Table 1 . wavelength data must also be used. Since the state of mm-wavelength technology is only now arriving at the sensitivity levels of the VLA, we would, for the immediate future, have to require thermal infrared data to perform this analysis. Alternatively, we could adopt the lowered emissivity as a fixed parameter. This assumption is equivalent to assuming that all asteroids are covered by a layer of finely divided material which is at least 1.5-cm thick. In the next section we will show that these considerations are reflected in the microwave continuum spectra of Ceres and Vesta.
The Apparent Microwave Emissivities of Ceres and Vesta
The considerations we have reviewed are well illustrated by the recent history of radio and infrared obser-vations of Ceres. Infrared determinations of the diameter of Ceres had long suggested a value near 1000 km (viz. Morrison and Lebofsky 1979) . With a careful analysis of the physical processes which influence the thermal emission, Lebofsky et al. (1984) were able to derive a photometric diameter which was within 3% of the occultation diameter. Radio observations reported by Johnston, Seidelmann, and Wade (1982) could not be interpreted easily with the infrared diameter. If one adopted a diameter of 985 km, cm-wavelength brightness temperatures were 30 or more degrees less than a previously published 3.3-mm observation. Since this was not in agreement with the expectation that the spectrum should closely follow a blackbody curve, Johnston et al. (1982) proposed that the radiometric diameter of Ceres should be 818 km. In their analysis Johnston et al. (1982) adopted the bolometric albedo based on the infrared data on the expectation that surface physics would be a much less important factor in the radio than the infrared.
With additional measurements Webster et al. (1988) were able to prepare a continuum spectrum which extends from 1.32-mm to 20.12-cm wavelength. Since the occultation diameter was used to calculate the brightness temperatures, these new data, together with a reanalysis of the Johnston et al. (1982) data, yielded a microwave continuum spectrum whose quality is determined by the measurements rather than by a knowledge of the diameter. The spectrum found by Webster et al. (1988) is plotted in Figure 2 . The shape is the same as the model spectrum given in Figure 1 . By themselves, the cm-wavelength brightness temperatures yield an emissivity of 0.8 for a wavelength range of from 2 cm to 20 cm. However, the mm-wavelength brightness temperatures all yield an emissivity of 0.99. Note that the data of Webster et al. (1988) show that this effect cannot be explained by thephase of the observation. At both 6 cm and 2 cm, the Fig. 2 -Observed microwave continuum spectrum of asteroid Ceres. This spectrum assumes a diameter of 950 km and is scaled to 2.767 AU geocentric distance. The dashed lines serve to show the consistent difference between the mm-wavelength and cm-wavelength data.
observations cover a sufficient range of phase that the lack of phase variation is clear.
A similar result was found by Johnston et al. (1989) for Vesta. In addition to the spectral data, Johnston et al. (1989) obtained a high signal-to-noise ratio image of Vesta at 2-cm wavelength. A grey-scale representation of this image is given in Figure 3 . The equivalent circular disk has a diameter of 520 ( ± 50) km. The quoted error in this measurement is based on the pixel size of the image and the sharpness of the edge of the brightness distribution compared to the pixel size. The observed shape is in excellent agreement with the recently reported speckle interferometry of Drummond, Eckart, and Hege (1988) , especially when we calculate the viewing geometry from their rotational pole position. The spectrum of Vesta given in Figure 4 has the same shape as the spectrum of Ceres given in Figure 1 . The 6-cm and 2-cm values give an emissivity of 0.75 while the 3.3-mm point gives an emissivity of 1.0. The pattern is identical to that for Ceres.
Although the data are not as extensive, Johnston et al. (1989) give spectra which show that Pallas and Hygiea are subject to the same effect. In addition found a similar situation in the cases of Interamnia and Eunomia.
Conclusions
The observations clearly show that surface properties have a strong effect in the microwave. In attempting to infer the radiometric properties of asteroids from singlewavelength flux densities in the radio, it is unwise to use infrared albedoes to substitute for a radio albedo. Because of a strong wavelength dependence of the surface effects in the microwave, one is well advised to take the recom- This spectrum assumes a diameter of 520 km and is scaled to 2.361 AU geocentric distance. The solid curve is the best-fit model spectrum discussed in Johnston et al. (1989) .
mendation of Lebofsky et al. (1985) and use simultaneous infrared and cm-wavelength data so that the surface dielectric properties, layer depth, radio emissivity, and other important properties can be simultaneously determined. If, however, one is forced to salvage the simplest form of the "standard-model" philosophy and treat singlewavelength centimeter wavelength observations, we recommend adopting an emissivity of 0.8 at 2-cm wavelength and assuming that the same emissivity holds from 2 cm to 20 cm. In the millimeter wavelength region, we recommend adopting an emissivity of 0.99 at 3.3-mm wavelength and assuming that the same emissivity holds from 1-mm to 5-mm wavelength. In accordance with the continual refinement of the standard infrared model, the microwave parameters should be refined with further observations of asteroids whose shapes are well determined by occultation observations.
